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Abstract 
Application of coolant to the cutting domain is increasingly important in machining titanium alloy, nickel-base superalloy and other 
difficult-to-machine materials. However, the effect of coolant speed on the accessibility of coolant to the tool tip has not yet been 
investigated. For this reason, the computational fluid dynamics analysis was applied to the coolant flow in turning where coolant is 
applied from the side of end flank face to the tool tip. In this study the free surface analysis or two phase computational fluid 
dynamics analysis of coolant and air was conducted for visualizing the flow of coolant around the tool tip. The capillary force is 
considered in the analysis because the gap between the tool flank face and machined surface is very small. The volume fraction of 
liquid obtained in finite volumes showed the accessibility of coolant to the tool tip. It is found to be difficult for coolant to access to 
the tool tip through a narrow gap between the tool flank face and machined surface when the coolant speed is not high. It is also 
found that the accessibility of coolant is improved as the speed of coolant is increased. 
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1. Introduction 
An innovative application method of coolant to the 
cutting point, which is more effective for cooling the 
tool tip than flood coolant application, is increasingly 
important in high speed and high efficiency machining 
of difficult-to-machine materials including not only 
titanium alloys and nickel base superalloys but stainless 
steels as well. High pressure coolant is often used for 
machining such materials [1,2]. In recent years, 
application of jet coolant through small nozzles attracts 
the attention of tool engineers [3,4]. 
Several types of tool holders and inserts for jet 
coolant application are already available in turning and 
end milling. Jet coolant from nozzles close to the tool tip 
is accurately applied towards the tool tip and the velocity 
of coolant is much higher than the ordinary flood coolant 
application. The configuration of an insert face 
specialized for jet coolant application makes it easier for 
coolant to enter the tool-chip contact area. Thus, its 
cooling ability is higher than the flood coolant although 
the size of a coolant nozzle is small and the coolant flow 
rate is not very large. 
Although the coolant application method is very 
important in high speed machining of difficult-to-
machine materials, there was neither theoretical nor 
numerical approach to the flow of coolant. Recently, the 
authors visualized the flow of coolant in turning using 
computational fluid dynamics and applied it to the air jet 
assisted (AJA) machining of nickel base superalloy 
Inconel 718 [5]. The analysis showed that it is not easy 
for flood coolant to reach the tool tip through a narrow 
clearance between the tool flank face and machined 
surface even if the coolant is applied from the side of 
flank face and that the compressed air pushes the coolant 
towards the tool tip in AJA machining, resulting in 
extension of tool life. 
In this paper, computational fluid dynamic (CFD) 
analysis is conducted for visualizing and investigating 
the influence of coolant velocity on its penetration into 
the clearance between the flank face and machined 
surface when the coolant is applied from the side of end 
flank face at different speeds. The analysis results can 
provide the understanding of the coolant flow in both  
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(a)                                                    (b) 
Fig. 1. (a) Flood coolant from the side of flank face; (b) Definition of 
its application direction 
high pressure coolant application and jet coolant 
application. 
2. CFD Analysis 
The free surface analysis of coolant flow around the 
tool tip is performed for turning with flood coolant 
application from the side of end flank face shown in Fig. 
1(a). The coolant application direction is defined as 
follows: 
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where X, Y and Z indicates the depth-of-cut direction, 
cutting direction and feed direction, respectively and 
angles  and  are defined as shown in Fig. 1(b). 
PHOENICS, a general purpose code of CFD analysis 
based on finite volume method is used for this analysis. 
The governing equations used are the continuum 
equation, the equation of motion (Navier-Stokes 
equation) and volume-of-fluid (VOF) transport equation 
that permits the gradual change of physical properties 
between a liquid phase and a gas phase, i.e., the coolant 
and air in this analysis. A valuable fc denoting the 
volume fraction of liquid (VFOL) or the volume fraction 
of coolant in a finite volume is implemented in VOF 
transport equation, in which a physical property q in a 
finite volume depends on VFOL as follows: 
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where qa and qc are physical properties of the air and 
coolant, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Analysis domain 
The standard k-  turbulent flow model is coupled 
with the above equations. The gravity of the coolant, 
which is directed to the cutting direction (Y direction), 
and the capillary force, which may not be negligible at 
the very narrow wedge shape clearance between the tool 
flank face and just machined surface, are taken into 
consideration. The air must be assumed to be 
incompressible because the option of the free surface 
analysis is selected. 
Modeling of wet machining is shown in Fig. 2, in 
which a rectangular parallelepiped is assigned as an 
analysis domain. The size of the domain is 3.0 mm, 18.0 
mm and 8.0 mm, in X, Y and Z directions, respectively. 
In this model planing of a workpiece is assumed instead 
of turning because the size of the analysis domain is 
small compared with a diameter of 100 mm of a bar 
work usually used in our cutting experiments. The STL 
models of an insert, tool holder and workpiece being 
machined were implemented in the proper position of 
the analysis domain to give the boundaries for the 
flowing coolant and air. 
The workpiece moves in Y direction opposite to the 
cutting direction, while the tool insert is stationary. 
Because the depth of cut is assumed to be 0.2 mm, there 
is a difference of 0.2 mm in height between the 
workpiece surface and finished surface, both of which 
are assumed to be flat without feed marks. There is also 
a gap between the machining surface to be cut and just 
machined surfaces because the feed rate is assumed to be 
0.1 mm/rev. However, a chip being produced from the 
primary shear zone of cutting is neglected. The number 
of finite volumes is 50, 62 and 48 in X, Y and Z 
directions, respectively. That is, the total number of 
finite volumes is 148,800. The minimum grid size is 10 
m, 67 m and 45 m in X, Y and Z directions, 
respectively. 
Boundary conditions for the CFD analysis are as 
follows: It is assumed that the coolant at its inlet of the 
analysis domain has the same speed and the same 
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direction as at the exit of coolant nozzle. The velocities 
of coolant and air at the workpiece surface are the same 
as the cutting speed, whilst they are zero at the surfaces 
of the insert and tool holder. At the other boundaries, the 
coolant and air are always at atmospheric pressure. 
Calculation of the free surface analysis is continued until 
the iso-surface of fc = 0.5, which is regarded as the free 
surface of the coolant, seemed to be at the steady state 
for given boundary conditions and coolant speed. 
3. Cutting conditions and Coolant 
Finish turning of difficult-to-machine material is 
assumed in this analysis. The cutting speed is 90 m/min, 
and as described above, the depth-of-cut and the feed 
rate are 0.2 mm and 0.1 mm/rev, respectively. The types 
of an insert and its holder are CNMG120408 and 
PCLNR2525, respectively. The chip breaker of the insert 
is neglected in the modeling. A chip produced and 
sliding at the rake face is also neglected.  
Type of coolant assumed is cutting oil emulsion. Its 
oil concentration is 6.7% and its mean velocity at the 
nozzle exit vL is set to be 1.5, 3.0 and 7.5 m/s. When the 
inner diameter of the nozzle exit is 9.0 mm as in the case 
of Fig. 1(a), the flow rate is calculated to be 5.73, 11.45 
and 28.6 l/min. Direction angles  and  are assumed to 
be 30  and 5 , respectively. In the case of Fig. 1(a), 
distance from the exit of coolant nozzle to the tool tip is 
50 mm and coolant speed vL was measured to be 1.37 
m/s [5]. The coolant speed used for CFD analysis is 
determined to be higher than the experimental data. 
The physical properties of the air and coolant also 
must be assumed to be constant in the free surface 
analysis of PHOENICS. Then, the density and kinematic 
viscosity of the air are assumed to be 1.189 kg/m3 and 
1.544 x 10 5 m2/s, respectively, while those of the 
coolant are 998.2 kg/m3 and 1.102 x 10-6 m2/s (measured 
value with a Ubbelohde viscometer), respectively.  
4. Results and Discussion 
A display plane for contour plots of VFOL and a 
reference plane through the tool tip are shown in Fig. 2 
schematically. They are perpendicular to the cutting 
direction. The view direction of VFOL contour plots is 
also shown in the figure. Distance from the tool tip to a 
display plane is denoted by le. The contour lines of 
VFOL at display planes with different values of le for 
coolant speed vL = 1.5, 3.0 and 7.5 m/s are shown in 
Figs. 3, 4 and 5, respectively. It should be noted that the 
clearance between the tool flank face and machined 
surface is approximately one twelfth the value of le 
because the clearance angle of the tool is 5 . A part of 
mesh of finite volumes at the display plane is 
superimposed over the calculated contour lines as shown 
in Fig. 3(b). 
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Fig. 3. Contour plots of VFOL at vL = 1.5 m/s. (a) le = 0.2 mm; (b) le = 
0.6 mm; (c) le = 1.0 mm; (d) le = 2.0 mm  
When the coolant speed vL is 1.5 m/s, the clearance 
space between the tool flank face and machined surface 
near the depth of cut line is not filled with coolant until 
the distance from the tool tip le increases up to 1.0 mm 
as shown in Fig. 3. It is also seen that the coolant does 
not reach a position of clearance space 0.2 mm apart 
from the cutting edge. The clearance between the two 
surfaces is only 17.5 m at le = 0.2 mm, and thus, it is 
really very narrow. From the results obtained above, 
cooling of the flank face with coolant seems to be  
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Fig. 4. Contour plots of VFOL at vL = 3.0 m/s. (a) le = 0.1 mm; (b) le = 
0.2 mm; (c) le = 0.4 mm; (d) le = 0.8 mm  
insufficient in a rage le < 1.0 mm, where the value of the 
clearance is smaller than around 87 m.  
If the work does not move, the coolant can fill the 
very narrow wedge shape clearance by the capillary 
action, which is more effective for narrower gap, and 
finally reach the cutting edge. However, the work moves 
in a direction opposite to the cutting direction and its 
speed 1.5 m/s (90 m/min) is found to be a little faster 
than a component of coolant speed in the cutting 
direction given by 
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Fig. 5. Contour plots of VFOL at vL = 7.5 m/s. (a) le = 0.1 mm; (b) le = 
0.2 mm; (c) le = 0.4 mm; (d) le = 0.8 mm  
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which is calculated to be 1.30 m/s. The coolant must 
enter the clearance space against the movement of the 
work. For this reason, the coolant speed must be 
required to be much higher than the surface speed of the 
work. Therefore, coolant speed 1.5 m/s is not fast 
enough for coolant to come deep into the narrow wedge 
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shape clearance.  
In contrast, when the coolant speed is 3.0 m/s, the 
clearance space between the tool flank face and 
machined surface is filled with coolant in a region of le > 
0.2 mm as shown in Fig. 4. Even at le = 0.1 mm, the 
coolant can penetrate into some part of the clearance 
space. Because the size of clearance is less than 10 m 
at le = 0.1 mm, another approach for modeling micro-
scale fluid dynamics or microfluidics may have to be 
applied to there.  
Comparison of calculated results shown in Figs. 4 and 
5 suggests that the coolant penetration depth into the 
wedge shape clearance for coolant speed 7.5 m/s is 
almost the same as that for coolant speed 3.0 m/s. Thus, 
the coolant speed twice the cutting speed is fast enough 
for coolant to penetrate the narrow wedge shape 
clearance space.  
Pressure distributions at le = 0.8 mm calculated for 
coolant speeds 3.0 and 7.5 m/s are shown in Fig. 6(a) 
and (b), respectively. It is seen that the pressure of 
coolant increases by 0.03 to 0.04 MPa at the clearance 
space, but the pressure rise is not high. 
It is said that high pressure coolant changes the chip 
formation because it can penetrate the tool-chip contact 
area while reducing the tool-chip contact length. Such a 
solid-liquid interaction is also important in machining 
difficult-to-machine materials. This is a topic to be done 
next, in which coolant is applied from the side of rake 
face to the chip leaving point.  
5. Summary 
Computational fluid dynamics analysis was applied to 
the coolant flow in turning, in which coolant was applied 
from the side of end flank face to the tool tip. The free 
surface analysis of coolant was used for visualizing the 
flow of coolant around the tool tip. The capillary force 
and gravity were considered in the analysis because the 
clearance between the tool flank face and machined 
surface is very narrow. The volume fraction of liquid 
calculated by CFD analysis showed that it is difficult for 
coolant to access to the tool tip through a very narrow 
wedge shape clearance between the tool flank face and 
machined surface when the coolant speed is not much 
higher than the cutting speed. It was also found that the 
accessibility of coolant to the tool tip is improved when 
the coolant speed is twice as high as the cutting speed. 
However, pressure between the tool flank face and 
machined surface was not high.  
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